
F Fermi National Accelerator Laboratory

FERMILAB-Conf-00/002-T

CP Violation and Rare Decays

Chris Quigg

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

January 2000

Presented at DAPHNE 99, The Workshop on Physics and Detectors for DAPHNE,

Frascati, November 16-19, 1999

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of

their employees, makes any warranty, expressed or implied, or assumes any legal liability or

responsibility for the accuracy, completeness, or usefulness of any information, apparatus,

product, or process disclosed, or represents that its use would not infringe privately owned

rights. Reference herein to any speci�c commercial product, process, or service by trade

name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its

endorsement, recommendation, or favoring by the United States Government or any agency

thereof. The views and opinions of authors expressed herein do not necessarily state or reect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.

Copyright Noti�cation

This manuscript has been authored by Universities Research Association, Inc. under con-

tract No. DE-AC02-76CH03000 with the U.S. Department of Energy. The United States

Government and the publisher, by accepting the article for publication, acknowledges that

the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license

to publish or reproduce the published form of this manuscript, or allow others to do so, for

United States Government Purposes.



ar
X

iv
:h

ep
-p

h/
00

01
02

9 
  4

 J
an

 2
00

0

III WORKSHOP ON PHYSICS AND DETECTORS FOR DA�NE

Frascati, November 16th-19th, 1999

Conference Proceedings, pp. 000-000

CP VIOLATION AND RARE DECAYS

Chris Quigg�

Fermi National Accelerator Laboratory

P.O. Box 500, Batavia, Illinois 60510 USA

ABSTRACT

After a brief essay on the current state of particle physics and possible approaches to

the opportunities before us, I summarize the contributions to the Third Workshop

on Physics and Detectors for DA�NE that deal with CP Violation and Rare Decays.

1 Prologue

This is my �rst visit to Frascati, and it has been thrilling for me to be in this lab-

oratory of such great signi�cance to the development of electron{positron colliding

beams. I have greatly enjoyed the engagement between theory and experiment in

the laboratory, the spirit of this week's workshop, and the sense of anticipation for

the DA�NE physics program.

I am delighted that our hosts have arranged a post-workshop visit to the Vatican

Museums and the Sistine Chapel. In February of 1988, I brought my children

to Rome during their school vacation. In the course of our visit to the Vatican

Museums, we came across a temporary exhibition in which a panel displayed a

passage that struck me as so remarkable and perceptive that I copied it down in my

notebook:
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Il De Rerum Natura di Lucrezio �e la prima

grande opera di poesia in cui la conoscenza del

mondo diventa dissoluzione della compattezza

del mondo, percezione di ci�o che �e in�namente

muto e mobile e leggero.

Lucrezio vuole scrivere il poema della mate-

ria ma ci avverte subito che la vera realt�a di

questa materia �e fatta di corpuscoli invisibili.
�E il poeta della concretezza �sica, vista nella

sua sostanza permanente e immutibile, ma per

prima cosa ci dice che il vuoto �e altrettanto

concreto che i corpi solidi.

La pi�u grande preoccupazione di Lucrezio sem-

bra quella di evitare che il peso della materia

ci schiacci.

Italo Calvino, \Leggerezza," in

Lezioni Americane (1988)

The De Rerum Natura of Lucretius is the �rst

great work of poetry in which knowledge of

the world tends to dissolve the solidity of the

world, leading to a perception of all that is

in�nitely minute, light, and mobile.

Lucretius set out to write the poem of physical

matter, but he warns us at the outset that this

matter is made up of invisible particles. He is

the poet of physical concreteness, viewed in its

permanent and immutable substance, but the

�rst thing he tells us is that emptiness is just

as concrete as solid bodies.

Lucretius' chief concern is to prevent the

weight of matter from crushing us . . .

Italo Calvino, \Lightness," in

Six Memos for the Next Millennium

The text is taken from the Charles Eliot Norton Lectures that Calvino prepared to

deliver at Harvard.1 Back in Berkeley, I found a copy of the American translation,

Six Memos for the Next Millennium, one of the great short works of literary anal-

ysis and appreciation. 1) In the translation, I found that the passage on a panel

in the Vatican Museums concludes, \The poetry of the invisible, of in�nite unex-

pected possibilities|even the poetry of nothingness|issues from a poet who had

no doubts whatever about the physical reality of the world." For us who have no

doubts whatever about the physical reality of the world, who experience daily the

poetry of the invisible, of in�nite unexpected possibilities|even of nothingness|it

is inspiring to see our passion and our con�dence in Nature reected in Calvino's

scan of Lucretius. I hope that each of you will have a similar epiphany in the Vatican

Museums tomorrow.

2 What Strange Particles Have Been Telling Us . . .

(When We Have Known How to Listen)

For half a century, the strange particles have o�ered us important clues to the nature

of matter and the character of the forces that shape the world. It is interesting to

consider some of the phenomena that pointed the way to our current picture of

constituents and interactions, and the lessons we drew|or could have drawn|from

them.

1He died on September 19, 1985, just before departing for Cambridge.
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� Strangeness.

At a time when the signi�cance of isospin was incompletely appreciated, the K

mesons and hyperons showed us the importance of an imperfectly conserved

quantum number, and of the notion that di�erent interactions can respect

di�erent symmetries.

As our understanding of internal symmetries matured, strange particles pointed

the way to SU(3)avor as a classi�cation symmetry for the hadrons. The ob-

servation in the 1960s that all mesons �t into SU(3)avor singlets and octets,

and that all baryons �t into SU(3)avor singlets, octets, and decimets, pointed

to the quark model, with its rule that mesons are composed of q�q and baryons

of qqq. It is important to note that the quark model gives us a new view of ad-

ditive quantum numbers, not as quantities carried by particles|to be loaded

and unloaded|but as de�ning attributes of the fundamental constituents, the

quarks.

The conict between the symmetric sss wave function of the 
� and the Pauli

principle led to the introduction of color as a hitherto unobserved quantum

number and, eventually, to the development of quantum chromodynamics as

the theory of the strong interactions.

� Kaon Decays

The �=� puzzle challenged the implicit notion that the fundamental interac-

tions are invariant under parity, and set in motion the chain of investigations

that gave us the V �A theory of the (charged-current) weak interactions.

The identi�cation of KS andKL provided the opportunity to observe quantum-

mechanical superposition e�ects over macroscopic distances and focused atten-

tion on CP eigenstates.

The very di�erent rates for the decays KS ! �+�� and K+ ! �+�0 gave

evidence for the �I = 1
2

rule in nonleptonic weak decays. Though we saw

it only in retrospect, the nonleptonic \octet" enhancement that accounts for

the �I = 1
2

rule requires colored quarks and the short-distance e�ects of the

strong interaction.

The notion of Cabibbo universality gave rise to the idea of mixing between

quark generations and laid the foundation for a theory of weak interactions

based (in part) on SU(2)L symmetry, which gives the framework for a connec-

tion between quarks and leptons.
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� Rare Decays

The suppression of the strong decay �! �+�� gave us clues about the char-

acter of the strong interaction, embodied in the Okubo{Zweig{Iizuka rule, and

o�ered a template for understanding the inhibited decays of J= and � into

hadrons.

The absence of avor-changing neutral currents inspired the second coming of

charm and the Glashow{Iliopoulos{Maiani mechanism.

The agreement between the observed rate for the decay KL ! �+�� and

conventional expectations indicated that the charmed quark could not be ar-

bitrarily heavy, and permitted an estimate mc � 1:5 GeV=c2.

� CP Violation

The observation of the CP-violating decay KL ! �+�� suggested the need for

at least three doublets of quarks (therefore of leptons) and gave us reason to

explore scenarios for cosmic baryogenesis.

The discovery that the direct CP-violating parameter "0 6= 0 demonstrates that

a superweak interaction is not the (only) source of CP violation, and supports

the phase in the quark-mixing matrix as the dominant origin of CP violation.

� K0{ �K0 Mixing

The degree of K0{ �K0 mixing, which is to say the KL{KS mass di�erence,

together with the value of the CP-violating parameter ", o�ered a hint that

the mass of the top quark was quite large.

Not all of these items represent �nished business. What clues have we missed?

What is to come?

3 Our Picture of Matter

Twenty-�ve years after the November Revolution, our understanding of physical

phenomena is grounded in the identi�cation of fundamental constituents, at the

current limits of resolution of about 10�18 m, and a few fundamental forces. The

constituents|our elementary particles|are the pointlike quarks
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and leptons  
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with strong, weak, and electromagnetic interactions speci�ed by SU(3)c
SU(2)L

U(1)Y gauge symmetries.

It is instructive to consider the agenda of particle physics today under four

rubrics:

� Elementarity. Are the quarks and leptons structureless, or will we �nd that

they are composite particles with internal structures that help us understand

the properties of the individual quarks and leptons?

� Symmetry. One of the most powerful lessons of the modern synthesis of particle

physics is that (local) symmetries prescribe interactions. Our investigation of

symmetry must address the question of which gauge symmetries exist (and,

eventually, why). We must also understand how the symmetries are hidden

from us in the world we inhabit. For the moment, the most urgent problem

in particle physics is to complete our understanding of electroweak symmetry

breaking by exploring the 1-TeV scale. This is the business of the experiments

at LEP2, the Tevatron Collider, and the Large Hadron Collider.

� Unity. In the sense of developing explanations that apply not to one individ-

ual phenomenon in isolation, but to many phenomena in common, unity is

central to all of physics, and indeed to all of science. At this moment in the

development of particle physics, the quest for unity takes several forms. First,

we have the fascinating possibility of gauge coupling uni�cation, the idea that

all the interactions we encounter have a common origin and thus a common

strength at suitably high energy. Second, there is the imperative of anomaly

freedom in the electroweak theory, which urges us to treat quarks and leptons

together, not as completely independent species. Both of these ideas are em-

bodied, of course, in uni�ed theories of the strong, weak, and electromagnetic

interactions, which imply the existence of still other forces|to complete the

grander gauge group of the uni�ed theory|including interactions that change

quarks into leptons. The third aspect of unity is the idea that the traditional

distinction between force particles and constituents might give way to a uni-

�ed understanding of all the particles. The gluons of QCD carry color charge,

so we can imagine quarkless hadronic matter in the form of glueballs. Be-

yond that breaking down of the wall between messengers and constituents,
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supersymmetry relates fermions and bosons. Finally, we desire a reconcilia-

tion between the powerful outsider, gravity, and the forces that prevail in the

quantum world of our everyday laboratory experience.

� Identity. We do not understand the physics that sets quark masses and mix-

ings. Although we are testing the idea that the phase in the quark-mixing

matrix lies behind the observed CP violation, we do not know what determines

that phase. The accumulating evidence for neutrino oscillations presents us

with a new embodiment of these puzzles in the lepton sector. At bottom,

the question of identity is very simple to state: What makes an electron and

electron, and a top quark a top quark?

One aspect of the problem of identity is the origin of mass. In particle physics,

we know the challenge of explaining many di�erent kinds of mass. The masses of the

hadrons are (in principle, and with increasing precision in practice) understood from

QCD in terms of the energy stored to con�ne a color-singlet con�guration of quarks

in a small volume. 2) We also have an excellent understanding of the masses of

the electroweak gauge bosons W� and Z0 as consequences of electroweak symmetry

breaking, in terms of a single weak mixing parameter, sin2 �W .2 When we get to

the question of quark and (charged) lepton masses, however, our understanding

is considerably more primitive. For each of these, we require not just the scale

of electroweak symmetry breaking, but a distinct and apparently arbitrary Higgs-

fermion-antifermion Yukawa coupling to reproduce the fermion mass. For neutrinos,

which may be their own antiparticles, there are still more possibilities for new physics

to enter, and, for the moment, more room for ba�ement.

4 The Problems of Mass, and of Mass Scales

As we have just remarked, electroweak symmetry breaking sets the values of the W -

and Z-boson masses. At tree level in the electroweak theory, we have

M2
W = g2v2=2 = ��=GF

p
2 sin2 �W ; (3)

M2
Z = M2

W= cos2 �W ; (4)

where the electroweak scale is v = (GF

p
2)�

1

2 � 246 GeV. But the electroweak scale

is not the only scale. It seems certain that we must also consider the Planck scale,

2Although for the moment we take this parameter from experiment, we understand how it arises

in a uni�ed theory. Indeed, in a uni�ed theory we can hope to understand the parameter �QCD
that sets the scale of the hadron masses.
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derived from the strength of Newton's constant,

MPlanck = (�hc=GNewton)
1

2 � 1:22 � 1019 GeV : (5)

It is also probable that we must take account of the SU(3)c 
 SU(2)L 
 U(1)Y

uni�cation scale around 1015�16 GeV. And, as we heard on the �rst day of the

workshop from Antonio Masiero, 3) there may well be a distinct avor scale. The

existence of other scales is behind the famous problem of the Higgs scalar mass: how

to keep the distant scales from mixing in the face of quantum corrections, or how

to stabilize the mass of the Higgs boson on the electroweak scale.

It is because GNewton is so small (or because MPlanck is so large) that we normally

consider gravitation irrelevant for particle physics. The graviton-quark-antiquark

coupling is generically � E=MPlanck, so it is easy to make a dimensional estimate

of the branching fraction for a gravitationally mediated rare kaon decay: B(KL !
�0G) � (MK=MPlanck)

2 � 10�38, which is truly negligible!

We know from the electroweak theory alone that the 1-TeV scale is special.

Partial-wave unitarity applied to gauge-boson scattering tells us that unless the

Higgs-boson mass respects

M2
H <

8�
p

2

3GF

� 1 TeV2 ; (6)

new physics is to be found on the 1-TeV scale. To stabilize the Higgs-boson mass

against uncontrolled quantum corrections, and to resolve the mass-hierarchy prob-

lem, we consider electroweak physics beyond the standard model. The most promis-

ing approaches are to generalize SU(3)c 
 SU(2)L 
 U(1)Y to a theory with a com-

posite Higgs boson in which the electroweak symmetry is broken dynamically (tech-

nicolor and related theories) or to a supersymmetric standard model.

Let us look a little further at the problem of fermion masses. In the electroweak

theory, the value of each quark or charged-lepton mass is set by a new, unknown,

Yukawa coupling. Taking the electron as a prototype, we de�ne the left-handed

doublet and right-handed singlet

L =

 
�e
e

!
L

; R � eR: (7)

Then the Yukawa term in the electroweak Lagrangian is

L(e)
Yukawa = ��e[�R('yL) + (�L')R] ; (8)

where ' is the Higgs �eld, so that the electron mass is me = �ev=
p

2. Inasmuch as

we do not know how to calculate the fermion Yukawa couplings �f , I believe that
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we should consider the sources of all fermion masses as physics beyond the standard

model.

Note that the values of the Yukawa couplings are vastly di�erent for di�erent

fermions: for the top quark, �t � 1, for the electron �e � 3�10�6, and if the neutrinos

have Dirac masses, presumably �� � 10�10.3 What accounts for the range and values

of the Yukawa couplings? Our best hope until now has been the suggestion from

uni�ed theories that the pattern of fermion masses simpli�es on high scales. The

classic intriguing prediction of the SU(5) uni�ed theory involves the masses of the

b quark and the � lepton, which are degenerate at the uni�cation point for a simple

pattern of spontaneous symmetry breaking. The di�erent running of the quark and

lepton masses to low scales then leads to the prediction mb � 3m� , in suggestive

agreement with what we know from experiment.

The conventional approach to new physics has been to extend the standard

model to understand why the electroweak scale (and the mass of the Higgs boson)

is so much smaller than the Planck scale. 3) A novel approach that has been de-

veloped over the past two years is instead to change gravity to understand why the

Planck scale is so much greater than the electroweak scale. Now, experiment tells

us that gravitation closely follows the Newtonian force law down to distances on the

order of 1 mm. Below about a millimeter, the constraints on deviations from New-

ton's inverse-square law deteriorate rapidly, so nothing prevents us from considering

changes to gravity even on a small but macroscopic scale. For its internal consis-

tency, string theory requires an additional six or seven space dimensions, beyond

the 3 + 1 dimensions of everyday experience. Until recently it has been presumed

that the extra dimensions must be compacti�ed on the Planck scale, with a com-

pacti�cation radius Runobserved � 1=MPlanck � 1:6 � 10�35 m. The new wrinkle is

to consider that the (SU(3)c 
 SU(2)L 
 U(1)Y ) standard model gauge �elds, plus

needed extensions, reside on 3 + 1-dimensional branes, not in the extra dimensions,

but that gravity can propagate into the extra dimensions.

How does this hypothesis change the picture? The dimensional analysis (Gauss's

law, if you like) that relates Newton's constant to the Planck scale changes. If gravity

propagates in n extra dimensions with radius R, then

GNewton �M�2
Planck �M?�n�2R�n ; (9)

where M? is gravity's true scale. Notice that if we boldly take M? to be as small

as 1 TeV, then the radius of the extra dimensions is required to be smaller than

3I am quoting the values of the Yukawa couplings at a low scale typical of the masses themselves.
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about 1 mm, for n � 2. What we know as the Planck scale is then a mirage

that results from a false extrapolation: treating gravity as four-dimensional down

to arbitrarily small distances, when in fact|or at least in this particular �ction|

gravity propagates in 3+n spatial dimensions. The Planck mass is an artifact, given

by MPlanck = M?(M?R)n=2.

Although the idea that extra dimensions are just around the corner|either on

the submillimeter scale or on the TeV scale|is preposterous, it is not ruled out by

observations. For that reason alone, we should entertain ourselves by entertaining

the consequences. Many authors have considered the gravitational excitation of

a tower of Ka luza{Klein modes in the extra dimensions, which would give rise to

a missing (transverse) energy signature in collider experiments. 4) We call these

excitations provatons, after the Greek word for a sheep in a ock.4

\Large" extra dimensions present us with new ways to think about the expo-

nential range of Yukawa couplings. Arkani-Hamed, Schmaltz, and collaborators 5)

have speculated that if the standard-model brane has a small thickness, the wave

packets representing di�erent fermion species might have di�erent locations within

the extra dimension. On this picture, the Yukawa couplings measure the overlap

in the extra dimensions of the left-handed and right-handed wave packets and the

Higgs �eld, presumed pervasive. Exponentially large di�erences might then arise

from small o�sets in the new coordinate(s). True or not, it is a completely di�erent

way of looking at an important problem.

5 CP Violation in the Standard Model

In the standard electroweak theory, the charged-current interactions may be repre-

sented as �
�u �c �t

�
L
V

0
B@ d

s

b

1
CA
L

; (10)

where the (Cabibbo{Kobayashi{Maskawa 6; 7)) quark-mixing matrix is

V =

0
B@ Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1
CA : (11)

Within the framework of the standard model, the elements of V originate in the

Yukawa couplings of the quarks to the Higgs �eld; accordingly, they o�er a link to

4I thank Maria Spiropulu for instructing me in the di�erence between ���o���o� and �����.



FERMILAB{CONF{00{002{T 10

physics beyond the standard model. For three generations of quarks, the mixing

matrix depends on three real angles and one phase; the phase is the source of CP

violation. 8; 9; 10)

The quark-mixing matrix is unitary: VVy = I. Consequently the product of any

row or column of the matrix with the complex conjugate of another must vanish.

For a 3 � 3 matrix, each such equation may be depicted as a closed triangle in

the complex plane. There are six distinct unitarity triangles. 11) In a convenient

parametrization, 12) we can express the quark-mixing matrix in terms of three real

quantities and one imaginary quantity as

V =

0
B@ 1 � 1

2
�2 � A�3(�� i�)

�� 1� 1
2
�2 A�2

A�3(1 � �� i�) �A�2 1

1
CA +O(�4) ; (12)

The phases lie in the extreme o�-diagonal elements; they are designated by

0
B@ 1 1 e�i

1 1 1

e�i� 1 1

1
CA : (13)

A third angle is de�ned by the triangle constraint � � � � � � .

One way to characterize the task of testing the hypothesis that all CP violation

(among the known particles) arises from the phase in the quark-mixing matrix is

to try to overconstrain the unitarity triangle(s), by measuring the sides and angles

in many di�erent ways. The bd triangle is shown twice in Figure 1. On the left, I

show the triangle schematically, and indicate the kinds of measurements that give

us information about the various sides and angles. On the right, I show a summary

of what we currently know about the shape of the bd triangle. 13) The sources of our

knowledge were reviewed in Frascati by Ahmed Ali, 9) Guido Martinelli, 10), and

Gerhard Buchalla 14). Our most important objectives for the near future are the

measurements of the quantity sin 2� in B0 ! J= KS decays and the rate of Bs{ �Bs

mixing, and pushing on to measure the rates for the rarissime decays K+ ! �+���

and KL ! �0���.

Before leaving these generalities, I want to o�er a few comments about CP vio-

lation and the matter asymmetry of the Universe. We learned long ago from Andrei

Sakharov 15) that three criteria must be ful�lled to generate a matter asymmetry

in a universe that begins from neutral initial conditions. We require

1. Microscopic CP violation, such as Christenson, et al. �rst observed in the decay

KL ! ��. 16)
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KL→π0νν–V
ud

V
ub

*

VcdVcb*

VtdVtb*K +→π +νν–

B0→π+π−

B0→ψKS

b → clν

b → ulν
B → πlν
B → ρlν

B → ππ, Kπ, DK*
B+ → D0K+

BS → ρKS

B0 - B0 Mixing
B0 → ργ

βγ

α

β

α

γ

Allowed

V
Vub

cb

ρ
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ε

Figure 1: The bd unitary triangle. On the left, the angles �, �, and  are de�ned and

some of the decay modes that allow measurements of the sides, angles, and altitude

are indicated. On the right, the normalized unitary triangle is depicted in the �-�

plane, and the current experimental constraints are indicated.

2. Baryon- (lepton-) number violating processes, of the kind implied by uni�ed

theories of the strong, weak, and electromagnetic interactions.

3. A universe that evolves out of thermal equilibrium during baryogenesis, a

condition natural in the hot big-bang scenario.

According to our current understanding of baryogenesis, 17) the observed baryon ex-

cess in the Universe, characterized by the baryon-to-photon ratio nB=n � 4�10�10,

cannot be reproduced within the standard model by the CP violation that arises from

the quark-mixing phase. It is just barely possible to generate the observed baryon

density at the electroweak scale within the minimal supersymmetric extension of

the standard model, but this requires that the lightest Higgs boson lie within reach

of LEP experiments, Mh�< 105 GeV=c2, and that the lighter top squark be less mas-

sive than the top quark, m~t1 �<mt. These two requirements do not yet conict with

experiment, but it is likely that we need new sources of CP violation to account for

the matter excess. It is important that we speak precisely when we tell the world

what we expect to learn from the detailed study of CP violation in the B mesons: it

is unlikely that we shall unlock the secrets of primordial baryogenesis, although the

increased understanding we gain into CP violation in the quark sector may give us

new insights into what it would take to explain the matter excess. We should not

promise what we do not expect to deliver!
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6 Workshop Headlines

6.1 "0 6= 0!

The most signi�cant result of this year for the study of CP violation is the conclusion

from the KTeV experiment at Fermilab and the NA48 experiment at CERN that

CP invariance is violated directly in the decay KL ! ��. Let us recall for a moment

the phenomenological setting of these new experimental results.

In a CPT-invariant theory, we can write the neutral kaons of de�nite mass and

lifetime as

jKSi = pjK0i + qj �K0i ; jKLi = pjK0i � qj �K0i : (14)

If CP invariance holds, then p = q = 1=
p

2, and (jKSi; jKLi) is a CP eigenstate

with CP = (+1;�1). A small CP impurity can be represented by the parameter ",

through the connection
p

q
=

(1 + ")

(1� ")
; (15)

the observed KL ! �� decay rate �xes j"j � 2:28 � 10�3. A direct CP violation in

the decay amplitude leads to unequal rates for the charged and neutral decay modes

that is expressed through the parameter "0, as 18)

�+� =
A(KL ! �+��)

A(KS ! �+��)
= "+ "0 ; (16)

�00 =
A(KL ! �0�0)

A(KS ! �0�0)
= "� 2"0 :

The parameter ", which measures the CP-impurity in the jKLi and jKSi states,

arises in the standard model from box diagrams, whereas the parameter "0 � ",

which measures direct CP violation, arises from penguin diagrams. In the standard

model, Re("0=") � 10�3; in the superweak phenomenology, 19) Re("0=") = 0.

A comparison of the charged and neutral decay rates yields a measure of "0=" as

j�+�j2=j�00j2 � 1 + 6Re("0=") : (17)

The decisive new results on Re("0=") reported within the past year are

KTeV 20; 21): (28:0 � 4:1)� 10�4, and

NA48 22; 23): (18:5 � 7:3)� 10�4,

which are in good agreement with each other, and with the earlier CERN result

from NA31, 24) Re("0=") = (23�6:5)�10�4. The KTeV measurement in particular

is not in close agreement with the earlier measurement from Fermilab experiment



FERMILAB{CONF{00{002{T 13

E731, 25) Re("0=") = (7:4 � 5:9) � 10�4. Taken together, all the results lead to a

world average

Re("0=") = (21:3 � 2:8)� 10�4 ; (18)

which is convincingly di�erent from zero. We can therefore draw the important

conclusion that the superweak picture does not explain all CP violation.

In my view, these two experiments are among the most beautiful we have in

particle physics today. As we heard in the talks by Elliott Cheu 20) and Jean

Duclos, 22), both aim in the future for a precision of �1 � 10�4. That same level

of precision is the target for kloe, in its special setting at the �(1019) resonance,

and we saw in the presentation by Matteo Palutan 26) a clean CP-violating signal

from the kloe shakedown cruise. We look forward with anticipation to the �rst

high-luminosity running of DA�NE. The Budker Institute in Novosibirsk has its

own designs on a � factory with a luminosity of 2:5�1033 cm�2 s�1, and for VEPP-

2000, which is intended to investigate particle production up to 2 GeV in regions

not exhaustively studied. 27)

What more can we make of the value of "0=" now in hand, and of the exquisitely

precise results to come? It is fair to say that the new KTeV result seemed at �rst

sight shockingly large; the expectation in nearly everyone's head was for a number

no longer than 10 (in 10�4 units). Perhaps while awaiting the new results we had

all become mesmerized by the dependence of "0=" upon mt and the threat that

a heavy top quark might mean little discrimination between the three-generation

electroweak theory and the superweak hypothesis. Surely we should have taken

more note (before the event) of the m�2
s -sensitivity of (the usual parametrization

of) "0=" and the trend in modern lattice determinations toward smaller strange-quark

masses. 28) Perhaps hearing similar predictions year after year for "0=" we lost a sense

of how di�cult is the step from quarks to hadrons and accorded too much respect

to the central values. In any event, the KTeV value provoked many reexaminations

of how well we can predict "0=" in the standard model, 29; 30; 31; 32; 33; 34; 35)

as well as searches 36) for evidence of new physics in the value of "0=". A new lattice

study by the Brookhaven{Columbia{RIKEN group 37) that yields a sign opposite

to other calculations (and the data!) has not settled the matter. Guido Martinelli's

conclusion is apt: Calculating "0=" \requires control of strong-interaction dynamics

at a level of accuracy still not reached by the theory." 10)



FERMILAB{CONF{00{002{T 14

6.2 CDF's Measurement of sin 2�

We do not yet have a de�nitive observation of CP violation in B decays, but the

CDF Collaboration has made impressive progress toward that goal. 38) In their 110-

pb�1 Run 1 at the Tevatron Collider, they have reconstructed a sample of 395� 31

B0 !  KS events. To construct the CP-violating asymmetry for the decay rates

of B0 and �B0 into this common decay mode, it is necessary to tag the avor of the

neutral B meson at the moment of its birth. CDF has employed both an opposite-

side tag, using the charge of a soft lepton or a jet-charge algorithm to identify the

avor of the b or �b produced in association with the state that decays into  KS.

They have also used the charge of a nearby hadron to tag the decaying object itself.

Combining all their tagging methods, they arrive at a measurement

sin 2� = 0:79+0:41
�0:44 ; (19)

which is non-negative at 93% CL. This does not constitute a proof that CP is vi-

olated in B decays, nor a precision measurement of sin 2�, but it is a proof of

the method and the harbinger of things to come. In Run 2 of the Tevatron Col-

lider, a 2-fb�1 exposure to begin in March 2001, they expect to reconstruct about

104 B0 !  KS events, and to measure sin 2� with an uncertainity � sin 2��< 0:08.

Other improvements|beyond their longer silicon vertex detector and the increased

luminosity|may make possible a still better determination. The D� experiment

will have a silicon vertex detector for the �rst time in Run 2. They project an

uncertainty of � sin 2� � 0:15.

The next run of CDF should also yield our �rst measurement of the frequency of

Bs - �Bs mixing. In experiments carried out so far (ALEPH, CDF, DELPHI, OPAL,

and SLD), the oscillations are too rapid to be observed. The combined results give

the mass di�erence between the two Bs - �Bs mixtures as �ms > 14:3 ps�1 at 95%

CL, or xs � �s�ms > 22: We currently project the standard-model value for the

oscillation frequency to be no more than about 20 ps�1. In Run 2, CDF expects to

reconstruct about 20 000 examples of Bs ! Ds(�; 3�). They should be sensitive to

xs�< 63, or to �ms�< 41 ps�1.

In Run 2 of the Tevatron and beyond, CDF and D� anticipate a very rich

harvest of B physics,5 including detailed studies of Bs, Bc, and b-baryons. To

quote one simple �gure of merit, in an extended run of (20; 30) fb�1, CDF expects

� sin 2� = (0:03; 0:02).

5Consult the web pages of the ongoing Run 2 b Workshop at Fermilab, for which links may be

found at http://www-theory.fnal.gov.
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Table 1: Precision expected in one year's running

Experiment � sin 2�

ATLAS 0.021

CMS 0.025

LHCb 0.015

BTeV 0.021

Prospects are very bright for the hadron collider B experiments that will succeed

CDF and D�, as we heard in detail from Ramon Miquel. 39) Again to give a simple

measure of the power of these experiments, I show in Table 1 the quality of the

sin 2� measurements anticipated in one year of running. I refer to Miquel's talk for

the capabilities of these experiments to measure �, , and other quantities. As the

new hadron collider experiments prepare, the extremely challenging (�xed-target)

hera-B Experiment gives a preview of LHC-like running conditions. 40)

6.3 CLEO Observes B0 ! �+��

After several years of publishing ever smaller upper bounds to the branching ratio

for the rare decay B0 ! �+��, the CLEO Collaboration now reports the de�nitive

observation of this potentially important mode. 41) The branching fraction

B(B0 ! �+��) = (4:3� 1:5� 0:5) � 10�6 (20)

is smaller than hoped, which will complicate both the observation and the interpreta-

tion of CP violation in the �� channel. CLEO has also reported the �rst observation,

at about the 10�5 level, of the rare decays B+ ! K+�0 and B0 ! K0�0.

CLEO has also made a new measurement of B0{ �B0 mixing, determining

�md = (0:519 � 0:025 � 0:032) ps�1 ; (21)

in excellent agreement with the world average. Finally, to search for unexpected

sources of CP violation that might be needed to account for the baryon number of the

Universe, CLEO has looked for CP-violating asymmetries in eight rare decays. The

experimental uncertainties are larger than the asymmetries expected if the phase

of the quark-mixing matrix is the source of the CP violation, and no signi�cant

asymmetries are observed.
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6.4 BaBar and belle Are Coming

I should perhaps entitle this paragraph, \BaBar and belle Are Here!", for KEK-

B and belle and PeP-II and BaBar have completed their construction and com-

missioning in very rapid and impressive fashion. The performance of these two

asymmetric B factories and their detectors, summarized here at DA�NE99 by Ida

Peruzzi, 40) has been inspiring, and gladdens the heart of every particle physicist.

Both experiments are already producing quasi-physics plots, and we can reasonably

hope for new physics by the 2000 summer conferences.

The PeP-II collider 42) has already reached half its design luminosity, with

Lpeak = 1:35 � 1033 cm�2 s�1 : (22)

The BaBar detector has already logged more than 1 fb�1, and the experimenters

will try to accumulate 10 fb�1 by next summer. The PeP-II designers are planning

for a threefold luminosity increase in 2002, and are beginning to work toward a ten-

fold increase in 2005. The KEK-B machine has also made a good beginning, 43) and

luminosity is improving there. The plan at KEK is now to run belle continuously

for about ten months.

6.5 K ! ����

One of the outstanding recent results was the observation at Brookhaven of the

�rst candidate|a superb candidate, at that|for the rare decay K+ ! �+��� in

Experiment 787. 44) As I wrote at the time, \What is most impressive to me is

not the one beautiful candidate event, but the extremely low level of background:

the event occurs on an empty �eld." 45) Given the sensitivity at the time, that

one event led to a branching fraction �(K+ ! �+���)=�(K+ ! all) = (4:2+9:7�3:5) �
10�10, consistent with the standard-model expectation 14) of (0:8 � 0:3) � 10�10,

but tantalizingly large. As we heard in Frascati from Takahiro Sato, 46) a trebled

data set has led to no new candidate events, still with an admirable absence of

background near the signal region. The new (and preliminary) branching fraction

is

B(K+ ! �+���) = 1:5+3:5
�1:3 � 10�10 ; (23)

which could hardly agree better with the standard model.

Because of the clean theoretical interpretation of the K+ ! �+��� mode and its

potential sensitivity to new physics, it is clearly of interest to subject the standard

model to a more incisive test. There are plans at Brookhaven for an evolution of
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E787 to a project known as E949, which promises a single-event sensitivityB(K+ !
�+���) = 1:4 � 10�11, with an expected background of 0.7 event. By adding the

kinematic region below the K+ ! �+�0 line, the E949 experimenters project an

ultimate sensitivity B(K+ ! �+���) = 0:8 � 10�11. 47) An experiment currently

under study at Fermilab as an R&D project, CKM, aims for a 10% measurement of

B(K+ ! �+���). 48; 49)

The neutral analogue decay, KL ! �0���, for which the standard-model branch-

ing fraction is (2:8 � 1:1) � 10�11, 14) directly measures the altitude � of the bd

unitarity triangle. Three experiments plan to take on the very considerable chal-

lenge of detecting KL ! �0���. At KEK, Experiment E391 will begin in 2001 at

the existing 12-GeV proton synchrotron, where a sensitivity at the 10�10 level is

anticipated. If all goes well, it would evolve into a more sensitive experiment at the

Japanese Hadron Facility. Brookhaven has approved, but not yet secured funding

for, E926, or kopio, which would record about 50 events at the standard-model

rate. 50; 51) At Fermilab, the next phase of the KTeV program would be the kami

(Kaons At the Main Injector) experiment, currently an R&D project. 52) Its goal is

a 10% measurement of � and sensitivity to other rare decays at the 10�13 level. 48)

Both K+ and KL experiments are fantastically challenging, but they promise

indispensable tets of the three-generation electroweak theory. 3; 14; 53; 54; 55) To

balance the world's research portfolio|so heavily invested in the B sector|we need

to pursue the K ! ���� channels vigorously.

6.6 Persistent Electric Dipole Moments

The electric dipole moment of a particle or structure is de�ned in terms of its charge

distribution �(~x) as

~D =

Z
d3~x ~x�(~x) ; (24)

which must be directed along (or opposite to) the spin direction ~s, because the spin

is the only directional reference the particle carries. Under the action of a parity

inversion, P, the electric dipole moment is reversed ( ~D ! � ~D), while the spin

(pseudo)vector is unchanged (~s ! ~s). Under time reversal, T, the electric dipole

moment is unchanged ( ~D ! ~D), while the spin direction is reversed (~s ! �~s).
Accordingly, the persistent electric dipole moment must vanish unless both P and

T are violated. A nonvanishing electric dipole moment therefore implies T violation

and, in a CPT-invariant world, CP violation.

Since the discovery of CP violation in KL decays in 1964, the neutron electric

dipole moment has been the target of many experiments, �rst with neutron beams
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and later with ultracold neutrons. 56) As Mike Pendlebury reminded us, 57) the

experimental upper bounds have dropped steadily, sweeping away a number of the-

oretical speculations. Whether or not persistent electric dipole moments exist, we

can be grateful for the persistent experimenters who are hunting them down. An

improved limit reported this year from the Institut Laue-Langevin, Grenoble, 58)

jdnj < 6:3 � 10�26 e cm at 90% CL; (25)

is still about six orders of magnitude greater than the standard-model expectation,

but menaces multi{Higgs-boson models for CP violation, and approaches the pre-

dictions of supersymmetric models. The ILL group anticipates an improvement by

a factor of 3 over about three years; an improvement by two orders of magnitude

may be possible over a decade.

The past decade has brought remarkable progress in the search for an electric

dipole moment of the electron. The most sensitive measurement is obtained using

the ampli�cation of de in atomic thallium, 59)

de = (1:8 � 1:2� 1:0)� 10�27 e cm ; (26)

which leads to an upper limit of

jdej �< 4 � 10�27 e cm : (27)

That is impressive in absolute terms, but|because of the electron's small mass|

at least ten orders of magnitude greater than the range predicted in the standard

model. The good news, of course, is that a lot of terrain is open for an important

discovery. A new technique using the YbF molecule to amplify the e�ect of de may

lead to a tenfold increase in sensitivity over three years, and perhaps another order

of magnitude beyond that is in prospect.

The current published limit on the muon's electric dipole moment dates to the

classic (g � 2)� experiment at CERN. 60) That number,

jd�j �< 7 � 10�19 e cm ; (28)

should be improved by about a factor of twenty in the (g � 2)� experiment under

way at Brookhaven. 61) A proposed dedicated experiment at Brookhaven 62) could

improve the sensitivity to

jd�j � 10�24 e cm: (29)

That would be as sensitive, in relative terms, as the current limit on the electron's

electric dipole moment, since we expect jd�j � (m�=me)jdej.
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6.7 The Search for Lepton Flavor Violation

The observation of lepton avor violation would be a clear sign of physics beyond

the standard electroweak theory. High-sensitivity experiments provide access to high

mass scales for the particles that might mediate lepton avor violation. Although

these two facts are reason enough to pursue the search for lepton avor violation, the

experimental evidence for neutrino oscillations has renewed interest in LFV searches,

although it must be said that the connection is highly model dependent. 63)

For more than four decades, the upper bounds on a variety of lepton-avor-

violating decay modes have decreased by a factor of ten every seven years. 64) In the

realm of kaon physics, the decay KL ! ��e� is sensitive to axial and pseudoscalar

LFV operators, while the decays K+ ! �+��e� and KL ! �0��e� probe vector

and scalar LFV operators. Brookhaven experiment E871's current limit on the

purely leptonic decay mode, 65)

B(KL ! ��e�) < 4:7 � 10�12 (90% CL); (30)

is the smallest limit on the branching fraction of a hadron. Experiment E865 at

Brookhaven has improved its limit on the K+ ! �+��e� branching fraction to

B(K+ ! �+��e�) < 2:9 � 10�11 (90% CL): (31)

With �ve times more data accumulated in 1998, they project a 90%-CL sensitivity of

6�10�12. The corresponding neutral-kaon branching fraction, reported by Fermilab

experiment E799 (KTeV), 66) is

B(KL ! �0��e�) < 3:1� 10�9 : (32)

Many experiments have now used natural sources of neutrinos, neutrino radiation

from �ssion reactors, and neutrino beams generated in particle accelerators to look

for evidence of neutrino oscillation. The positive indications for neutrino oscillations

fall into three classes: 67)

1. Five solar-neutrino experiments report de�cits with respect to the predictions

of the standard solar model: Kamiokande and Super-Kamiokande using water-

Cherenkov techniques, SAGE and GALLEX using chemical recovery of ger-

manium produced in neutrino interactions with gallium, and Homestake using

radiochemical separation of argon produced in neutrino interactions with chlo-

rine. These results suggest the oscillation �e ! �x, with j�m2jsolar � 10�5 eV2

and sin2 2�solar � 1 or a few�10�3, or j�m2jsolar � 10�10 eV2 and sin2 2�solar �
1.
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2. Five atmospheric-neutrino experiments report anomalies in the arrival of muon

neutrinos: Kamiokande, IMB, and Super-Kamiokande using water-Cherenkov

techniques, and Soudan II and MACRO using sampling calorimetry. The most

striking result is the zenith-angle dependence of the �� rate reported last year

by Super-K 68; 69). These results suggest the oscillation �� ! �� or �s, with

sin2 2�atm � 1 and j�m2jatm = 10�3 to 10�4 eV2.

3. The LSND experiment 70) reports the observation of ��e-like events is what

should be an essentially pure ��� beam produced at the Los Alamos Meson

Physics Facility, suggesting the oscillation ��� ! ��e. This result has not yet

been reproduced by any other experiment. The favored region lies along

a band from (sin2 2�LSND = 10�3; j�m2jLSND � 1 eV2) to (sin2 2�LSND =

1; j�m2jLSND � 7 � 10�2 eV2).

A host of experiments have failed to turn up evidence for neutrino oscillations in

the regimes of their sensitivity. These results limit neutrino mass-squared di�erences

and mixing angles. In more than a few cases, positive and negative claims are in

conict, or at least face o� against each other. Over the next �ve years, many

experiments will seek to verify, further quantify, and extend these claims.

Groups at Berkeley, Brookhaven, CERN, Fermilab, and KEK are investigating

the feasibility of using muon decay rings as intense neutrino sources. Studies directed

toward the eventual construction of �+�� colliders suggest that it may be possible

to accumulate approximately a millimole of muons per year. What is a bug for the

muon colliders|the decay �� ! e������|becomes a feature for a neutrino factory.6

With a stored muon beam with an energy of tens of GeV, it may be practical to

illuminate a distant detector virtually anywhere on Earth and to have an event

rate useful for oscillation studies. 71) Under rather special circumstances, it may be

possible to observe CP violation in neutrino oscillations. 72) The prospect of intense

high-energy beams of electron neutrinos and antineutrinos is very intriguing. For

now, the principal questions are whether a neutrino factory is feasible and whether

it is the right instrument to address the next-generation questions in neutrino mass

and mixing. I expect useful �rst-order answers to these questions within a year.

6.8 T Violation in K Decays

About a year ago, the CPLEAR Collaboration at CERN reported on the �rst obser-

vation of time-reversal symmetry violation through a comparison of the probabilities

6For an overview, see the web site for NuFact '99, the ICFA/ECFA Workshop, \Neutrino Facto-

ries based on Muon Storage Rings," held last summer in Lyon, at http://lyoinfo.in2p3.fr/nufact99/.
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for �K0 $ K0 oscillations as a function of the neutral-kaon proper time. 73) The

strangeness of the neutral kaon at the moment of its creation, t = 0, was tagged

by observing the kaon charge in the formation reaction �pp ! K���(K0; �K0) at

rest, while the strangeness of the neutral kaon at the time of its semileptonic de-

cay, t = � , was tagged by the charge of the �nal-state lepton. The time-average

decay-rate asymmetry, measured over the interval 1� �s < � < 20 � �s, is*
�( �K0j0 ! e+���j� )� �(K0j0 ! e��+��j�)
�( �K0j0 ! e+���j�) + �(K0j0 ! e��+��j�)

+
= (6:6�1:3stat�1:0sys)�10�3: (33)

This asymmetry is a direct manifestation of T-violation: 74) If CPT is a good sym-

metry in semileptonic decays and the �S = �Q rule is exact, then the observed

asymmetry (33) is identical to

P( �K0 ! K0)�P(K0 ! �K0)

P( �K0 ! K0) + P(K0 ! �K0)
; (34)

where P is a probability for strangeness oscillation. The observed result is in good

agreement with the theoretical expectation, 4 Re(") = (6:63� 0:06) � 10�3.

At the same time, the KTeV Collaboration at Fermilab reported their observation

of a large T-odd e�ect in 1822� 42 examples of the formerly rare KL ! �+��e+e�

decay mode. 75) An asymmetry of (13:6 � 2:5 � 1:2)% is seen in the angular dis-

tribution between the e+e� and �+�� decay planes, in the KL rest frame. This is

the largest integrated CP-violating e�ect yet observed, and is in excellent agreement

with theoretical predictions. 76; 77)

In Frascati we learned that the NA48 Collaboration has now identi�ed 458� 22

KL ! �+��e+e� events and observed the expected T-odd asymmetry of about

14%. 78) In a CPT-invariant world, the observation of this T-odd correlation would

constitute direct evidence for T noninvariance. However, the right sort of CPT

violation could induce an asymmetry in the angular correlation without the need to

invoke T violation. 79)

6.9 New Limits on Charm Mixing

Because the standard-model contributions to D0 - �D0 mixing and to CP viola-

tion in D decays are so minute, there are many opportunities to observe new

physics. 81; 82) The large number of fully reconstructed charmed mesons avail-

able in CLEO, the LEP experiments, and Fermilab �xed-target experiments make

possible incisive searches, reviewed here by Je� Appel. 80) We can now contemplate

experiments to reconstruct 108 charms, and it is worth thinking about how to pursue
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those opportunities. In particular, with Fermilab's 800-GeV �xed-target program at

an end, we need to consider how to exploit dedicated B experiments for charm. A

novel possibility, recently noticed, is that a 4-kg-year exposure at a neutrino factory

could lead to a tagged sample of a million semileptonic D decays.

6.10 Other Rare Kaon Decays

There is much work in progress on other rare|and formerly rare|kaon decays.

NA48 has used 74 examples of the double-Dalitz decay KL ! e+e�e+e� to verify

the CP-odd assignment of KL. 78) Let us note their plan for a future intense KS

beam, with a goal of measuring the CP-violation parameter �000 in the KS ! �0�0�0

decay rate. As for KTeV, 83) they have lowered the upper bounds

B(KL ! �0e+e�) < 5:6 � 10�10 ; (35)

and

B(KL ! �0�+��) < 3:4� 10�10 (36)

to near the background levels. They hope to triple their rare-decay data sets in

current running. For other evidence of progress on rare and radiative decays, see

the talks by D'Ambrosio 84) and Kettell. 85)

6.11 Tests of CPT and Quantum Mechanics

Finally, we heard brief reports on searches for violations of CPT invariance and

failures of quantum mechanics in kaon decays. 86) We need to test these fundamental

elements of physical theory, but it is di�cult to know how to characterize deviations

and what constitutes a viable theoretical framework. 87; 88) I would caution that

the link between string theory and observable deviations from quantum mechanics

and CPT invariance is metaphorical at best. It seems to me just slightly delusional to

believe that in looking for violations of CPT and quantum mechanics one is testing

the essentials of string theory in any direct way.

7 Parting Thoughts

The physics of CP Violation and rare decays is in an exciting state: We have new

results to consider, we eagerly anticipate incisive new information in the near future,

and we have ambitious long-term prospects. BaBar and belle, which are running

now, and CDF and D�, which will run again in about a year, are ready to produce

important results on B mixing and decays. The physics of neutrino masses, neutrino
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oscillations, and lepton avor violation will soon join the physics of quark mixing

as we seek to de�ne and address the problem of identity. Beginning next year,

we expect great things from kloe on CP violation and rare decays, and we wish

DA�NE a long and rich life!
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